The activity of persistent Ca 2+ sparklets, which are characterized by longer and more frequent 26 channel open events than low-activity sparklets, contributes substantially to steady state Ca 2+ 27 entry under physiological conditions. Here, we addressed two questions related to the regulation 28 of Ca 2+ sparklets by PKCα and c-Src, both of which increase whole-cell Ca v 1.2 current: 1) Does 29 c-Src activation enhance persistent Ca 2+ sparklet activity? 2) Does PKCα activate c-Src to 30 produce persistent Ca 2+ sparklets? Using TIRF microscopy, Ca 2+ sparklets were recorded from 31 voltage-clamped tsA-201 cells co-expressing wild type (WT) or mutant Ca v 1.2c (the neuronal 32 isoform of Ca v 1.2) constructs ± active or inactive PKCα/c-Src. Cells expressing Ca v 1.2c 33 exhibited both low-activity and persistent Ca 2+ sparklets. Persistent Ca 2+ sparklet activity was 34 significantly reduced by acute application of the c-Src inhibitor PP2 or co-expression of kinase-35 dead c-Src. Ca v 1.2c constructs mutated at one of the two C-terminal residues (Y 2122 F, Y 2139 F) 36 were used to test the effect of blocking putative phosphorylation sites for c-Src. Expression of 37 Y 2122 F but not Y 2139 F Ca v 1.2c abrogated the potentiating effect of c-Src on Ca 2+ sparklet activity. 38
INTRODUCTION
In previous Ca 2+ sparklet studies (23-27), Ca 2+ sparklet activity was determined using nP s 136 analysis (where n = no. of quantal levels and P s = probability of occurrence of Ca 2+ sparklet), 137 which is analogous to nP o analysis for single-channel data. We followed a similar approach in 138 this study with one difference. Instead of converting fluorescence units to Ca 2+ concentration, we 139 computed ΔF total at each time point in Ca 2+ sparklet traces. First, the total fluorescence intensity, 140 F total , for each time point was calculated by summing the Rhod-2 fluorescence over a predefined 141 region from the raw image stacks acquired over a fixed length of time. The area of the predefined 142 region was greater than the entire fluorescence signal produced by the Ca 2+ sparklet. 143
Subsequently, F total of the basal fluorescence value was subtracted from F total observed during 144 channel opening to determine ΔF total value (1) . The quantal ΔF total value (2500 A.U.), q, was 145 calculated by plotting an all-points histogram of several Ca 2+ sparklet traces and then fitting the 146 histogram with a multi-component Gaussian function. Following that, nP s analysis was 8 R3 constraints and a q value of 2500 A.U. in pClamp 9.0 (HEKA). For the purpose of quantal value 149 comparison with previous Ca 2+ sparklet studies, we converted the fluorescence from some of our 150 Ca 2+ sparklet traces to Ca 2+ concentration and obtained a Ca 2+ sparklet quantal value of 34.4 nM 151 (data not shown); this quantal value was similar to that obtained in other Ca 2+ sparklet studies 152 (23) (24) (25) . 153 Persistent Ca 2+ sparklet density in each cell was determined by dividing the number of 154 persistent Ca 2+ sparklet sites by the area of the cell visible in its TIRF image. 155
Data from cells that were transfected with Ca v 1.2c but did not exhibit measurable I Ca upon 156 depolarization were not included in the analyses. For mean nP s calculation, we did not consider 157 cells in which sparklet activity could not be detected even if they expressed measurable I Ca 158
because it was not possible to calculate an accurate nP s value in such cases. However, those cells 159 were accounted for in persistent Ca 2+ sparklet density analysis since any cell that did not express 160 persistent Ca 2+ sparklets could be assigned a sparklet density value of 0. In addition, we found 161 that 9-10% of our traces fell into the non-stationary category (e.g. Fig. 4A ). This was due to the 162 limitation of our image acquisition software where some of the images were acquired during the 163 occurrence of a sparklet event. Inclusion of such traces would lead to an inaccurate estimate (on 164 the lower side) of nP s . However, every non-stationary trace in this study could be very clearly 165 classified as a persistent or low sparklet activity group except two traces. Putting those data in 166 either sparklet activity group did not alter our conclusions. 167 confirmed the presence of Ca 2+ sparklets ( Fig. 1) . Based on their nP s values, Ca 2+ sparklets were 192 characterized as either persistent (nP s ≥ 0.2) or low (nP s < 0.2) activity events. We also recorded 193 Ca 2+ fluorescence events similar to Ca 2+ sparklets from cells expressing GFP alone, in the 194 absence of measurable I Ca upon depolarization ( Fig. 2A) . Since we had no objective reasons for 195 excluding such anomalous events, they were analyzed in the same manner as Ca 2+ sparklets. 196 Importantly, the mean number of anomalous event sites per cell in cells expressing GFP alone (n 197 = 9 cells) was significantly lower than the mean number of Ca 2+ sparklet sites per cell observed 198 after expression of Ca v 1.2c channels (+ GFP) (n = 10 cells, p < 0.05) ( Fig. 2B) . Persistent Ca 2+ 199 sparklets were not observed in absence of Ca v 1.2c expression ( Fig. 2, C 
and D) and the activity 200
of all anomalous events, measured as nP s , was less than 0.2, similar to low activity Ca 2+ sparklets 201 ( Fig. 2E) . These results indicated that Ca v 1.2c channels were responsible for all of the persistent 202 Ca 2+ sparklet activity under the recording conditions used in our experiments and the occurrence 203 and inclusion of anomalous Ca 2+ events would not influence the persistent Ca 2+ sparklet data 204 analysis in further protocols. latter test group (n = 9 cells) exhibited almost 10-fold higher persistent Ca 2+ sparklet density than cells expressing only c-Src (n = 9 cells) (p < 0.05; Fig. 3A ). Similar to non-transfected cells, we 212 also observed anomalous Ca 2+ events in cells expressing c-Src alone ( Fig. 3B and C) . However, 213 all of these anomalous Ca 2+ events had nP s < 0.2 with the exception of one event (n = 9 cells). 214
These data further corroborated our inference that the occurrence of anomalous Ca 2+ events 215 would not substantially affect persistent Ca 2+ sparklet data analysis. Of note, the activity and 216 density of persistent Ca 2+ sparklets in cells co-expressing WT Ca v 1. To further test the involvement of c-Src, we co-expressed WT Ca v 1.2c with kinase dead c-Src 237 (kd c-Src) in tsA-201 cells to competitively inhibit endogenous c-Src (Fig. 6) . Ca 2+ sparklet activities of the two transfection groups were comparable but could not be 244 statistically compared due to an insufficient number of persistent sparklets in the WT Ca v 1.2c + 245 kd c-Src transfection group (Fig 6B) . As expected, the means of nP s of low activity Ca 2+ 246 sparklets in cells co-expressing c-Src or kd c-Src with WT Ca v 1.2c were similar ( Fig. 6C) . 247
Collectively, these data suggest that c-Src expression promotes persistent Ca 2+ sparklet activity. Ca v 1.2c + c-Src (Fig. 7, B and C) . These findings suggest that Y 2122 on the C-terminus of 259
Ca v 1.2c is the major phosphorylation site involved in production of persistent Ca 2+ type Ca 2+ channels at negative (-60 to -120 mV) holding potentials, and have been reported to 296 have similar amplitudes, durations and spatial spread as N-type Ca 2+ channel fluorescence events 297 (7). Reportedly, the amplitudes of those anomalous events decreased with the application of 298 depolarizing pulses that were used to record events associated with N-type Ca 2+ channels. We 299 could not use a similar strategy to eliminate anomalous Ca 2+ events for at least two reasons: i) 300
Ca v 1.2 channels exhibit a higher open probability with membrane depolarization, which results 301 in increased basal Ca 2+ fluorescence (24); ii) the driving force for Ca 2+ decreases at higher 302 potentials, leading to smaller changes in Ca 2+ fluorescence upon Ca v 1.2 channel opening that are 303 more difficult to resolve. Due to these limitations, we focused primarily on the analysis of 304 persistent Ca 2+ sparklet activity. The frequency of anomalous Ca 2+ events resembling persistent 305 Ca 2+ sparklets was very low, thus making our results less prone to errors caused by the presence 306 of such events among persistent Ca 2+ sparklets in cells that expressed Ca v 1.2c alone or with 307 kinases. 308
309
Effect of c-Src on persistent Ca 2+ sparklet activity. c-Src activation has previously been 310 shown to increase whole-cell Ca v 1.2c current in response to IGF-1 and α 5 β 1 integrin activation 311
(2, 12, 36), and c-Src has been implicated in the basal regulation of Ca v 1.2c current as well (36). 312
In the present study, we tested the involvement of c-Src in the production of persistent Ca 2+ 313 sparklet activity. Our results suggest that c-Src promotes persistent Ca 2+ sparklet activity by 314 acting on residue Y 2122 on the C-terminus of Ca v 1.2c ( Fig. 7) . Of the various intracellular regions 315 on rat Ca v 1.2c, only the region from amino acid residues 1932 to 2143, containing tyrosine 316 residues at positions 2122 and 2139, is known to be phosphorylated by c-Src (2). Furthermore, 317 previous studies have provided evidence for phosphorylation of Y 2122 by c-Src, resulting in an 318 increase in Ca v 1.2 channel current (2, 12, 36). Interestingly, in the present study, mutation of 319 Y 2122 on Ca v 1.2c did not completely eliminate persistent Ca 2+ sparklets (Fig. 7, A and B ). There 320 are at least two possible explanations for the residual persistent Ca 2+ sparklet activity: i) c-Src 321 phosphorylates another tyrosine residue on Ca v 1.2c, or ii) the presence of another Ca v 1.2c 322 activating mechanism independent of c-Src. Here, we used PP2 treatment and kd c-Src 323 overexpression to selectively inhibit c-Src-induced persistent Ca 2+ sparklets. These c-Src 324 inhibition strategies have been used successfully in previous studies (2, 12, 36), and both 325 approaches attenuated the occurrence of persistent Ca 2+ sparklets here ( Figs. 4 and 6) . tsA-201 cells expressing WT Ca v 1.2c + PKCα (23, 24); however, the mechanism by which 364 PKCα acts on Ca v 1.2 channels is not well understood. In this study, we tested whether c-Src acts 365 downstream of PKCα in the series of events that lead to increased persistent Ca 2+ sparklet 366 activity. PKC has been shown to lie upstream of c-Src in signaling pathways controlling actin 367 reorganization (3, 4), podosome formation (11), as well as in the regulation of smooth muscle 368
Ca v 1.2 channels in smooth muscle (5) . PKC may activate c-Src directly or indirectly and c-Src 369 activation mechanisms may also vary among the various PKC isoforms expressed by any 370 particular cell type. If PKCα acts solely via c-Src to produce persistent Ca 2+ sparklets, mutation 371 of Y 2122 should have resulted in at least a partial reduction of persistent Ca 2+ sparklet activity. 372 However, the data in Fig. 8 do not support such an effect. Furthermore, PP2 application did not 373 significantly change persistent Ca 2+ sparklet density or activity in cells co-expressing WT 374
Ca v 1.2c + PKCα (Fig. 9, A and B) . These data clearly suggest that PKCα induces persistent Ca 2+ 375 sparklet activity in a c-Src independent manner. In the same test groups, the PP2-induced 376 increase in nP s of low activity Ca 2+ sparklets was intriguing (Fig. 9C) , particularly as PP2 377 inhibited low activity Ca 2+ sparklets in cells expressing WT Ca v 1.2c alone (Fig. 5C ). This 
